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  Spent  nuclear  fuel  (SNF)  resultant  from  the  generation  of  nuclear  power  is  a 
chemically and radiologically diverse system which is advantageous to chemically process 
prior  to  geologic  disposal.  Hydrometallurgy  is  the  primary  technology  for  chemical 
processing for light water reactor spent fuels, where spent fuel is dissolved in an acid for 
liquid based separations. The primary means for recovery of desired metals from the SNF 
solution is liquid-liquid extraction which is based on distribution (partitioning) of the metal 
ions  between  two  immiscible  phases  based  on  thermodynamic  favorability.  One  of  the 
means  of  increasing  this  favorability  is  by  designing  extractant  molecules  to  be  either 
“harder” or “softer” bases, which will more preferentially extract harder or softer metal ions 
respectively. This technique is used in designing extractant molecules for targeted extraction 
as actinides are slightly softer than lanthanides, and precious metals produced in significant 
quantities from the fission process are especially soft metals. 
The work performed in this thesis involved the synthesis of a novel soft electron 
donor organic extractant molecule for testing of targeted soft metal extraction. The molecule 
synthesized  was  bis-dibutanethiolthiophosphinato-methane,  or  S6,  a  bidentate  neutral 
extractant molecule with significant thiolysis for a softer electron environment. The synthesis 
technique was refined and the molecule composition and structure was confirmed by 
1H 
NMR, 
31P  NMR,  and  elemental  analysis.  Two  metal  groups,  f-elements  (actinides  and 
lanthanides) and soft transition metals were tested for their extractability from nitric acid solutions into an S6 solution in n-dodecane. Aqueous solutions of nitric acid and n-dodecane 
as  an  organic  diluent  are  typical  liquid-liquid  extraction  conditions  in  spent  nuclear  fuel 
reprocessing.    As  extraction  experiments  were  performed  with  radiotracers,  for  the  soft 
metal extraction experiment, a mixture of the selected metals was neutron-activated in the 
OSU TRIGA reactor, as was europium to create a lanthanide radiotracer. Actinides and 
lanthanides were not seen to effectively extract into the organic or form a precipitate at all, 
making  their  partitioning  with  this  extractant  seemingly  ineffective.  Through  gamma 
spectroscopy of an irradiated metal solution post-extraction, it is seen that only silver and 
palladium preferentially complex in the mixed metal samples into an insoluble organic ligand, 
dropping out of solution. This effect was more pronounced at higher acid concentrations, 
but silver was seen to slightly extract to the organic phase at all acid concentrations as well. 
This testing has shown that the S6 extractant can be used to recover silver and palladium 
from a mixed metal aqueous solution, such as one resultant from advanced spent nuclear 
fuel reprocessing operations. This result shows promise for future development of sulfur 
based organophosphate ligands for targeted extraction of precious metals from solutions. 
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 I. Problem Background and Experimental Approach 
 
I.1 Spent Nuclear Fuel Characterization  
  Since  the  advent  of  nuclear  energy,  the  products  of  fission  reactions  have  been 
desired for their scientific, militaristic, and economic value.  These products can be produced 
either by the  fission  of  actinide fuel  material  or by its neutron capture  which produces 
heavier actinides.    The  separation  of  these  homogenous  mixtures  of  elements,  many  of 
which are very chemically similar, has undergone constant transitions since the Manhattan 
Project, and is still being altered to increase separation efficiency and accommodate new fuel 
types.  Included  in  the  elements  produced  by  nuclear  fission  events  are  actinides  and 
lanthanides,  whose  neutronic  properties  are  very  different,  despite  similar  electron 
environments causing them to be chemically analogous.  Also included are certain precious 
metals which present an economic  and functional  incentive  for recovery.  The research 
performed in this thesis concerns the examination of a proposed new method to partition 
actinides  and  lanthanides,  as  well  as  recover  precious  metals  from  spent  nuclear  fuel 
reprocessing waste streams. 
Nuclear fission is the only process currently used to produce commercial nuclear 
power in the world.  In nuclear reactors, fission events occur when a fissile, heavy nucleus, 
typically uranium-235 or plutonium-239, is bombarded by a neutron and is fractioned into 
two or more lighter elements (so called fission products), releasing a substantial amount of 
energy in the process.  This process also liberates several neutrons which go on to propagate 
a chain reaction, allowing a nuclear reactor to self-sustain while fuel material is present. 
Furthermore,  during  neutron  irradiation,  neutron  capture  without  fission  can  occur, 
producing higher Z actinides than the original fuel material, which are commonly referred to 
as transuranic elements.
1 
Commercial light water reactor fuel is typically enriched between 3 to 4% of fissile 
material, or material which can be fissioned by thermal neutrons, and about 96 to 97% of a 
non-fissile,  typically fissionable material  such as 
238U.  Following irradiation in  a nuclear 
reactor, the elemental makeup of the fuel changes substantially, but is primarily composed of 
the original fissionable material.  In the case of a PWR enriched with 3.3% 
235U with 96.7% 
238U  irradiated  to 33,000  MWd/MT at 150  days  after discharge, the  spent fuel  contains 
95.9%  uranium,  1.0%  minor  actinides  (primarily  neptunium,  plutonium,  americium,  and 2 
 
curium),  and  3.1%  fission  products.
2  Fission  products  produced  are  characterized  by  a 
statistical curve of the number of nucleons present in the resulting fission fragments.  This 
relationship  is  dependent  primarily  on  the  fuel  type,  but  is  relatively  independent  of 
irradiation time.  The curve of fission yield percent per nucleon number can be seen in 
Figure 1, as plotted from experimental data
3 
 
 
Figure 1 – Nucleons per Fission Curve 
 
 
  This curve does not specify the elements produced, only the number of nucleons 
present.    Most  of  these  products  are  highly  radioactive  due  to  excess  neutrons  present 
following fission, and rapidly decay to longer lived or stable products.   After a 10 year 
cooling time, sufficient to reduce the heat produced by spent fuel assemblies by over 85%, 
the elemental distribution of products resultant from the fission process in a typical, 3.2% 
enriched, UO2 fueled PWR run at 33MWd/MT-U is shown in Figure 2.
4,5 
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Figure 2 – Elemental Composition of 10 Year Aged Typical PWR Fuel  
 
  This wide spectrum of chemical elements presents difficult and elementally unique 
challenges to heat dispersion and radioactive waste management.  Actinide bi-products are 
typically long lived radioactive materials with highly energetic radiation and multiple progeny.  
These products serve as the primary contributor of heat to proposed long term spent fuel 
repositories between 1,000 and 100,000 year storage times despite their relatively small initial 
atomic abundance.
5 Fission products on the other hand cover a wide spectrum of chemical, 
radiological, and neutronic properties.  Products such as lanthanides, which can be heavy 
neutron  absorbers,  are  usually  trivalent  in  solution  with  similar  ionic  radii  to  actinides, 
making them very difficult to separate chemically.
6  Cesium and strontium, two elements 
which are produced in fairly high quantities in reactors, are very radioactive and  are the 
primary heat contributors of spent fuel in the first few hundred years of disposal.
5  Precious 
metals are also created in abundance, and while they are not of great radiological concern, 
their recovery is still of importance from an economic and waste forms perspective.
7  Several 
techniques have been developed to partition the elements present in spent nuclear fuel, and 
advanced reprocessing techniques have been demonstrated to varying degrees of success. 
 
I.2 Liquid-Liquid Extraction Principles 
The  primary  historical  approach  toward  spent  nuclear  fuel  reprocessing  is  a 
hydrometallurgical process called liquid-liquid extraction.  Liquid-liquid extraction brings two 
immiscible liquid phases into contact with each other, one of which initially contains in 4 
 
solution the desired product to be separated. The solute is then distributed between the two 
phases  based  on  thermodynamic  favorability,  a  process  which  is  highly  dependent  on 
process conditions and solvent selection.  To promote this phase distribution, extractant 
molecules are used to coordinate metals in solution.  Extractants are large molecules with a 
polarized functional group and large, non-polar hydrocarbon regions branching away from 
the functional groups.  These functional groups allow for complexation of aqueous species, 
while  the  non-polar  regions  allow  for  phase  migration  into  the  organic  phase.
2  This 
complexation  is  displayed  by  a  uranyl  nitrate  complex  coordinated  with  two  tri-butyl 
phosphate  molecules  is  shown  in  Figure  3.  After  partitioning,  the  two  phases  can  be 
separated  by their  natural  insolubility,  fractionally removing  the  partitioned solutes from 
each other.  
 
Figure 3 – Uranyl Nitrate Complex Coordinated with Tri-Butyl Phosphate 
 
As seen in Figure 3, while the phosphate groups, a very polar functional group, of 
TBP point inward toward the ionic complex, the non-polar hydrocarbon tails point outward.  
This allows these ionic complexes which would by otherwise quite lipophobic to migrate 
into an organic diluent.   5 
 
Extractant molecules used in liquid-liquid extraction can be either neutral or acidic 
ligands.  Neutral ligands, such as TBP shown in Figure 3, do not dissociate by chemical bond 
breakage, but instead complex aqueous species through dipole regions which exist in their 
molecular structure.  Acidic ligands on the other hand lose a proton to the aqueous phase 
and  actually  chemically  bind  to  the  metal  complex  itself.    Neutral  ligands  are  primarily 
effective at higher acid concentrations (such that the metal species will most likely be neutral 
ionic species), while acidic extractants are typically effective at lower acid concentrations to 
promote deprotonation of the extractant molecule.
8 
The metal extractions between the two liquid phases are defined mathematically by a 
factor called a distribution ratio, or a “D-value.”  This relationship is shown in equation 1.
2 
 
    
      
     
                      
 
  In this equation, “Corg” is the equilibrium concentration of component “i” (typically a 
metal  of  interest)  in  the  organic  phase  and  “Caq”  is  the  equilibrium  concentration  of 
component “i” in the aqueous phase.  High distribution ratios indicate strong extraction into 
the organic phase of an individual component in solution, but to define the actual separation 
of  two  species,  a  ratio  known  as  a  separation  factor  must  be  considered,  as  shown  in 
Equation 2.
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A  high  separation  factor  means  that  two  elements  in  solution  are  partitioned 
effectively, whereas a low separation factor, even with high distribution ratios, does not 
produce an effective separation. 
 
 
 
 6 
 
I.3 Spent Nuclear Fuel Reprocessing 
 Spent nuclear fuel reprocessing schemes utilizing liquid-liquid extraction vary from 
country to country, but several trends are present as to the order of partitioning in advanced 
reprocessing schemes. The first step, typically, is a uranium separation process.  This is 
necessary as uranium is the significant majority of the waste volume and without its removal, 
all other, more specialized separation steps would not be as effective.  Since the advent of 
spent nuclear fuel reprocessing, most reprocessing operations have utilized the Plutonium 
Uranium Refining by EXtraction (PUREX) process, or one of its derivatives to isolate 
uranium and plutonium from the remaining fission products and minor actinides.  The 
PUREX process was developed at an engineering level in the early 1950’s to process waste 
streams incident from the development of the atomic bombs at both Hanford Engineering 
Works (present day Pacific Northwest National Laboratory) and Oak Ridge National 
Laboratory.  The PUREX process utilizes 30% tri-n-butyl phosphate (TBP) in an n-
dodecane diluent to extract metal from solutions of spent nuclear fuel dissolved in nitric 
acid, as shown in Figure 3.
9  TBP at this concentration effectively extracts tetravalent and 
hexavalent metals, but does not effectively extract from the (I), (II), (III), and (V) valence 
states.
9,10   
Throughout  the  developmental  history  of  advanced  reprocessing,  the  PUREX 
process has gone through several refinements to suit the processing needs of the country 
performing  the  reprocessing.    To  address  proliferation  concerns,  the  United  States  has 
developed  the  URanium  EXtraction  (UREX)  process  which  uses  acetohydroxamic  acid 
(AHA) to reduce hexavalent neptunium (better extracted than tetravalent Np) into the non-
extractable Np(V) and to bind plutonium into strong and non-extractable complexes with 
acetohydroxamate  in  the  aqueous  phase  so  that  it  is  not  extracted  by  TBP  in  a  typical 
PUREX organic phase (although technetium is coextracted with uranium).
11  Meanwhile, 
French and Japanese reprocessing operations typically focus on coextraction of uranium and 
plutonium for use as Mixed OXide (MOX) fuel, with chemical adjustments made such that 
uranium and plutonium cannot be easily separated.
8 
  Following an initial uranium separation step, several other reprocessing steps can be 
performed to increase separation efficiency and reduce waste burdens by partitioning further 7 
 
elements.  Between  1997  and  2008,  Argonne  National  Laboratory  in  the  United  States 
developed  several  processes  for  a  suite  of  advanced  reprocessing  techniques  known  as 
UREX+.  Each UREX+ process begins with a uranium/technetium removal, followed by a 
cesium/strontium separation.
12  It is desirable to remove cesium and strontium due to their 
excessive heat contributions over the first several hundred years of repository operations.
5  
In UREX+ processes, cesium and strontium (as well as any rubidium and barium present) 
are removed using Chlorinated Cobalt Dicarbolide (CCD) and PolyEthylene Glycol (PEG) 
in a phenyltrifluoromethyl sulfone (FS13) organic phase; a process known as CCD-PEG.
11  
Several  other  processes  have  also  been  developed  to  selectively  separate  cesium  and 
strontium from mixed waste streams at various pH ranges and aqueous loadings.
11,13,14 
Following cesium/strontium extraction, it is desirable to separate minor actinides 
from the remaining waste stream, as they are the primary heat contributor to repositories 
over long time periods and are biologically harmful.
5 Minor actinides however, are almost 
chemically  identical  to  most  lanthanides  in  solution  and  are  therefore  very  difficult  to 
isolate.
10 For this reason, minor actinides and lanthanides are typically co-extracted, then 
separated in an additional step.  The TRans-Uranic EXtraction (TRUEX) process, which is 
used for actinide/lanthanide extraction in the UREX+ processes, employs octyl(phenyl)-
N,N-diisobutylcarbamoylmethylphosphine  oxide  (CMPO)  to  extract  minor  actinides  and 
lanthanides from highly acidic aqueous phases.
15  Table 1 shows the partitioning ability of the 
TRUEX process as demonstrated during a 2006 demonstration of the UREX+1a process at 
Argonne National Laboratory. 
Table 1 – TRUEX Raffinate Composition from a 2006 UREX+1a Demonstration
16 
Element  Raffinate  Product 
Zirconium  99.60%  0.40% 
Molybdenum  96.40%  3.60% 
Ruthenium  94.60%  5.40% 
Rhodium  99.80%  0.20% 
Palladium  77.20%  22.80% 
Plutonium  <0.005%  >99.995% 
Neptunium  <0.001%  >99.999% 
Americium  Below Det. Limit  (100%) 
Mixed Lanthanides  <0.09%  >99.91% 
 8 
 
  Although  this  test  did  not  incorporate  all  precious  metals,  it  is  shown  that  the 
precious  metals  that  were  included  were  not  extracted  in  substantial  quantities  into  the 
organic phase, instead remaining in the aqueous raffinate.  Similar extraction potential has 
been shown using other organic extractants such as tetraalkyldiglycolamides (DGA’s) and 
diamide extractants, which are used in the French actinide/lanthanide extraction process 
known as DIAMEX.
17,18 
  Following this process, it is advantageous to separate the remaining minor actinides 
from the lanthanides extracted from the fission product matrix.  While these elements are 
very  chemically  similar,  their  neutronic  properties  are  thoroughly  different,  necessitating 
their separation for further use.  Lanthanides are typically heavy neutron absorbers, making 
their presence in nuclear reactors detrimental to their operation.
6  On the other hand, minor 
actinides can be burned in nuclear reactors as their neutron absorption stands to transmute 
them into shorter lived or fissionable products, reducing their overall quantity in a spent fuel 
repository.
9  The processes developed for minor actinide/lanthanide separations are typically 
very constrained to rigid processing conditions and are difficult for engineering scale up. 
The  process  used  in  the  UREX+  reprocessing  suite  is  the  Trivalent  Actinide 
Lanthanide Separation by  Phosphorus Extraction  of Aqueous Komplexes (TALSPEAK) 
process.
19  The TALSPEAK process utilizes an acidic organophosphorus acidic extractant, 
di(2-ethylhexyl)  phosphoric  acid  (HDEHP),  for  extraction  of  metals  from  a  buffered 
aqueous phase (typically pH 4-3) with a holdback reagent for preferential complexation of 
actinides over lanthanides.  HDEHP is a powerful extractant that will extract both actinides 
and lanthanides effectively from an aqueous phase within an applicable pH range.
20 To adjust 
the pH of the aqueous phase, high concentrations of buffering agents, such as lactic acid and 
citric acid are used.
20,21  Complexants are also added to the aqueous phase to preferentially 
bind actinides over lanthanides.  This complexation allows lanthanides to be extracted into 
the organic phase while actinides remain behind in the aqueous phase.  The typical aqueous 
complexant is diethylenetriamine-N,N,N’,N’’,N’’-pentaacetic acid (DTPA), a pentabasic acid. 
The optimal pH range of DTPA and HDEHP systems are between roughly pH 4 
and pH 2.  The chosen buffer must therefore alter the pH to this region, although this is also 
dependent on the effects of the buffer on the extraction system.  The TALSPEAK process 9 
 
is not without its problems however.  The process is difficult to control on an engineering 
scale owing to the narrow pH range of effectiveness.  This creates a system that is difficult to 
control from an engineering standpoint.  Furthermore, chemical modeling of the system is 
difficult,  and  the  system  displays  dissimilar  forward  and  backward  kinetics,  making 
processing  times  unpredictable  and  engineering  scale  up  very  difficult.
22  Several  other 
processes are currently being considered for partitioning actinides and lanthanides due to 
these persistent problems in the TALSPEAK process, such as those based on CYANEX 
reagents and altered TALSPEAK schemes based on the use of analogous organophosphoric 
acids, such as HEH[EHP].
22,23 
The separation of metals, especially those with very similar chemical properties is 
often  achieved  by  designing  extractants  with  similar  electronic  nature  for  preferential 
complexation.  This is best described by Pearson’s Hard-Soft Acid-Base Theory, one of the 
underlying principles utilized in spent nuclear fuel reprocessing. 
 
I.4 Hard-Soft Acid-Base (HSAB) Theory 
  Hard-Soft Acid-Base (HSAB) Theory is one of the overarching principles considered 
when designing complexant molecules for targeted extraction.  HSAB theory, as proposed 
by  Pearson  in  1963 concerns  the  preferential  complexation  of  Lewis  acids  and  basis  in 
chemical systems based on polarizability.
24  Polarizability is a chemical characteristic dictated 
by the ease at which the electron clouds about individual elements is distorted.  Elements 
considered more polarizable are those in which the nuclear charge of an element has little 
influence  over  the  elemental  electron  cloud.
25  Acids  and  bases  which  display  higher 
polarizability have been found to be more likely to complex with each other over acids in 
bases which display lower degrees of polarizability.  Likewise, acids and bases which display 
lower degrees of polarizability are more likely to complex with each other than those which 
display high degrees of polarizability.
24  Those acids and bases that display a low degree of 
polarizability are known as “hard” acids and bases, and those acids and bases that display a 
low degree of polarizability are known as “soft” acids and bases.
26  Typical tendencies of 
hard acids and bases are those with higher absolute oxidation states, smaller ionic radii, and 
more extreme electronegativities.  Typical tendencies of soft acids and bases include lower 10 
 
absolute oxidation states, larger ionic radii, and less extreme electronegativities.
24  Table 2 
displays some examples of hard and soft acids and bases, as well as those species which are 
on the borderline. 
Table 2 – Typical HSAB Acids and Bases
26 
Hard Acids 
 
Hard Bases 
H
+, Li
+, Na
+, Be
2+, Mg
2+, Ca
2+
, 
 
H2O, OH
-, F
-, CH3CO2
-, PO4
3-
, 
Al
3+, Se
3+, Fe
3+, Zr
4+, Sn
4+, 
 
SO4
2-, Cl
-, CO3
2-, ClO4
-, NO3
-, 
Lanthanides
3+/Actinides
3+ 
 
ROH, RO
-, R2O, NH3, RNH2 
Intermediate Acids 
 
Intermediate Bases 
Fe
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C6H5NH2, Br
-, NO2
-, SO3
2- 
Soft Acids 
 
Soft Bases 
Cu
+, Ag
+, Au
+, Hg
+, 
 
R2S, RSH, R3P, (RO)3P, 
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2+, Cd
2+, Pt
2+, Hg
2+ 
 
I
-, CN
-, CO 
I
+, Br
+, HO
+, RO
+ 
 
H
-, R
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There are several theories as to the bonding tendencies of these types of acids and 
bases, but the simplest explanation of their interactions is based on whether or not the 
species bond by ionic or covalent means.  Hard acids and bases are typically small and have a 
high charge density, meaning that ionic bonding interactions are most favorable between 
them.  On the other hand, soft acids and bases typically prefer covalent bonding, of which 
similar size  and charge  are needed for effective bonding.   This affinity  toward covalent 
bonding can be explained by the likelihood of soft acids to contain loosely held outer d-
orbital electrons which can be donated to a π-bonding orbital with a similarly suitable ligand.  
The ligands which are most suitable for this bonding type are either those which have empty 
outer d-orbitals or unsaturated bonds (double or triple bonds).  Hard acids on the other 
hand would have tightly bound outer electrons which are not as suitable to forming π-
bonding orbitals.
27 
While these observations are useful in extractant design, there is a mathematical basis 
for these chemical environments which allows the quantification of their effects.  Figure 4 
shows a typical plot of the total electronic energy (E) versus the number of electrons in the 
species (N), which can be an element, ion, or molecule.
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  From  these  definitions,  the  electronic  chemical  potential  for  any  given  chemical 
species can be approximated using finite differences, as shown in Equation 5.
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  In this equation, “χM” is the absolute electronegativity of an element or molecule of 
varying oxidation states as defined by Mulliken’s adaptation of Pauling’s original theory of 
relative electronegativity.
30  For chemical bonds in equilibrium, “A” and “I” will counteract 
each  other  such  that  the  electronic  chemical  potentials  of  each  species  are  equivalent.  
Another value of importance in understanding the hardness and softness of acids and bases 
is the rate of change of the curve of the energy per electron curve.  A value known as the 
absolute hardness, “η,” can be defined as the rate change of the slope of this line.  This 
relationship is shown in Equation 6.
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  For a reaction with species “X” and “Y” such that X + :Y ↔ X:Y, the energy change 
each reaction species experiences can be shown in Equations 7a and 7b. 
 
       
                                          
                    
 
  These equations are an ideal treatment of electronic potential, as ions (as opposed to 
chemically neutral species interacting) will slightly alter the overall potential, as well as the 
end result from transferring electrons through the ΔN term.  Regardless, these equations are 
useful for qualitatively determining hard and soft interactions based on ionization potential 
and  electron  affinity.    When  the  electronic  chemical  potential  of  the  two  reagents  of  a 13 
 
chemical interaction have equaled (i.e. when the appropriate charge transfer has occurred), 
the number of electrons transferred in the bonding can be calculated by Equation 8. 
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  Equation  8,  while  incomplete,  demonstrates  the  mathematical  trend  that  the 
difference in electronegativities moves a chemical reaction forward, whereas the sum of the 
absolute hardness parameters prevents a reaction from occurring.  This equation is also 
dependent only on chemical parameters that are determinable for the individual chemical 
species in the reaction, and is therefore determinable prior to the two species interacting. 
 
I.5 Precious Metal Recovery from Post-TRUEX Raffinate 
  The fission product laden aqueous raffinate resultant from minor actinide/lanthanide 
separation steps such as the TRUEX process contains most of the transition metal products 
which, in most spent nuclear fuel reprocessing operations, would go on to become vitrified 
waste logs for deep geological disposal.  There are, however, several reasons as to why this 
waste stream should be further processed prior to disposal.  This precious metal rich process 
stream contains large quantities of materials that are rare in nature and are highly prized 
economically and industrially.  This creates a potential avenue for partitioning these metals 
for reuse.  A 1989 IAEA findings report on the separation of ruthenium, rhodium, and 
palladium showed that there was indeed an economic incentive for the recovery of these 
materials, and that after roughly 50 years of cooling time, the specific activity of these metals 
in spent nuclear fuel would be low enough to permit certain industrial uses.
31 Furthermore, 
transition metals can  be problematic during the  vitrification and storage of waste.   The 
presence of precious metals during the formation of vitrified logs leads to several,  non-
homogeneously formed layers.  This leads to waste logs which are difficult to characterize 
from both a composition and radioactivity standpoint.  Certain transition metals can also 
form coagulates during the cooling of produced vitrified logs.  This aggregation can promote 
cracks and fissures in the stored waste, greatly increasing the likelihood of eventual leaching 
of radioactive materials.
7  This makes processing of these metals prior to disposal not just an 14 
 
attractive economic option, but also a necessary step in securing the integrity of long lived, 
repository  bound  waste.  One  of  the  primary  objectives  of  this  research  concerns  the 
partitioning of metals from an aqueous stream of mixed transition metals. To achieve this 
goal, a novel soft-donor ligand will be synthesized and tested against typical precious metals 
in simulated, post-processing raffinates. 
 
I.6 Actinide/Lanthanide Partitioning 
  Along with testing extractions of precious metals from mixed metal waste streams, 
actinide/lanthanide  separations  can  also  be  tested  with  a  novel  soft  donor  extractant 
molecule.  Although, as evidenced in Table 2, actinides and lanthanides are both hard acids, 
the larger radius of the actinide f-shell orbitals allows for more significant covalent bonding 
and therefore, more prominent soft interactions.  This radius is further increased by the 
relative contraction of 5p and 6s orbitals due to increased mass of the electrons travelling at 
velocities closer to that  of light, causing the  5f  orbital  to become destablized.
6  Several 
actinide/lanthanide partitioning steps have employed the preferential actinide complexation 
of soft donor extractants with actinides for fractional partitioning, including Cyanex reagents 
and certain diamide complexants.
32,33 
  A novel soft donor extractant would be useful for testing on actinide/lanthanide 
separation  due  to  the  desire  for  more  easily  modeled,  effective  means  of  partitioning 
actinides  and  lanthanides.    Since  precious  metals  and  actinides/lanthanides  occupy  very 
different levels of polarizability (as opposed to the slight differences present in actinides and 
lanthanides), it is predicted that a novel extractant will work more favorably for one type of 
extraction over the other. 
 
I.7 Electronic Waste Reprocessing Potential 
  In addition to post actinide/lanthanide separation raffinates, scrap electronic waste 
presents a valuable source of precious metals which would otherwise end up unrecovered.  
Furthermore, since these elements should not be radioactive, their recovery represents a 
more immediate economic use, as there is no required cooling time prior to their reuse.  The 
major sources of mixed metals in electronic waste are on Printed Circuit Boards (PCB’s), 15 
 
where several metal types are used to make electrical connections.  The composition of 
PCB’s for certain applications is well known and has been documented previously.
34  The 
major metallic components of these circuit boards are iron, copper, aluminum, lead, and 
nickel.  There are, however, several precious metals and several hazardous metals present in 
PCB’s  which  make  their  recycling  advantageous.    The  precious  metals  which  are  most 
prevalent in circuit boards are silver, gold, palladium, and platinum to a lesser extent.  Of 
concern however, are elements such as mercury, lead, beryllium, indium, cadmium, arsenic, 
antimony  and  mixed  halogens.
35  These  materials  are  of  such  a  toxic  hazard  that 
governmental  organization  such  as  the  European  Union  have  passed  resolutions 
encouraging the recycling of electronic waste, as well as improvement of the environmental 
performance of recycling these wastes so as to prevent the release of hazardous chemicals 
through traditional disposal.
36  
  One  means of  reprocessing PCB’s without a substantial  release  of toxins to the 
environment is through solvent extraction, of which several methods have been attempted.  
Metallic components  of  PCB’s  have  been  shown  to  be  soluble  under  acidic  conditions, 
typically concentrated nitric acid or aqua regia, which can then be diluted and contacted with 
organic phases in an attempt to selectively extract precious metals from solution for recovery 
and reuse.
37,38 With the current market demands for these precious metals increasing their 
price, their recovery presents a worthwhile goal for this research. 
 
I.8 Experimental Justification  
  For  this  research,  a  soft  donor  extractant  molecule  was  selected  and  tested  for 
extraction  performance.    Phosphates,  bidenate  phosphinates,  phosphonic  acids,  and 
bidentate  phosphinic  acids  have  been  studied  as  metal  extractants  in  solvent  extraction 
processes throughout the history of spent nuclear fuel reprocessing.
8,15,19,39  One method of 
“softening” these molecules in an attempt to preferentially perform soft metal extractions is 
to  thiolate  the  ligands;  replacing  oxygenated  sites  with  sulfur  which,  with  its  reduced 
electronegativity  and  larger  ionic  radius  acts  as  a  softer  electron  donor.
26  Thiolated 
phosphorus ligands have been shown to preferentially complex actinides over lanthanides, as 
with the Cyanex reagents, as well as complexing precious metals for extraction due to their 16 
 
significantly softer acidic nature.
32,40    The extractant to be synthesized in this work is a 
bidentate  thiophosphinate  neutral ligand; a molecule with a double  thiophosphate  active 
region connected  by a methyl bridge with thioestererified hydrocarbon chains extending 
from the central, polar region for solubility into organic phases.  The reactant chose for 
synthesis is bis-dibutanethiolthiophosphonato-methane, or S6, which is shown in Figure 5.  
The synthesis of these types of molecules has been well documented, but a number of 
characterization techniques will be performed to display the applicability of the synthesis 
technique and the completeness of the reaction.
41   
 
 
Figure 5 – Bis-dibutanethiolthiophosphonato-methane (S6) 
 
The synthesis will follow a known procedure for typical diphosphonate extractants, 
and the synthesis product will be characterized using a number of techniques.  Following 
synthesis of the extractant molecule, testing will be conducted for its ability to both extract 
precious metals from aqueous solutions and partition actinides and lanthanides in simulated 
spent  nuclear  fuel  reprocessing  operations.    Gamma  spectroscopy  and  UV/Visible 
spectroscopy will be used to determine the extractability of precious metals, while gamma 
spectroscopy will be used to determine the extraction of actinide and lanthanide tracers.  
These methods will be explained in detail in the following chapter. 17 
 
 
 
II. Materials and Methods 
 
II.1 Synthesis Reaction Description 
  The  first  part  of  this  research  was  to  synthesize  and  characterize 
bis(dibutanethiolthiophosphonato)methane (S6), the extractant molecule used in this study.  
The  synthesis  reaction  performed  was  a  two-step  reaction  using  commercially  available 
chemicals in an anaerobic environment.  The reaction was performed in a three-necked, 
round bottomed reaction flask with a dropwise addition funnel, a gas inlet adapter, and a 
rubber septum stoppers for syringe assisted chemical addition to both the reaction flask and 
the  addition  funnel.    This  reaction  setup  is  displayed  in  Appendix  A.  The  reaction 
techniques used in this synthesis are derived from well documented synthesis techniques for 
bidentate phosphine oxides, which are presumed to react similarly with sulfur based reagents 
over oxygen based reagents in an anaerobic environment.
41  The first reaction step is shown 
in Figure 6. 
 
 
Figure 6 – Synthesis Reaction, First Step 
 
  This  reaction  step  reacts  bis(dichlorophosphino)methane  (Strem  Chemicals  Inc.) 
with 4 molar equivalents of butanethiol (TCI America) to produce an intermediate product, 
bis(dibutanethiolphosphino)methane.    In  this  reaction,  a  0.45M  tetrazole  in  acetonitrile 
solution  (Sigma-Aldrich)  was  used  as  a  reaction  catalyst,  diisopropylethylamine  (DIEA, 
Sigma-Adrich) was used to trap evolved HCl gas, and anhydrous toluene (VWR Intl.) was 18 
 
 
 
used as a base solvent in which to perform the reaction.  All reagents were used as delivered 
by the manufacturer with no further purification.  The method of tetrazole catalysis was not 
examined during this work, but it is theorized that tetrazole serves as a nucleophilic catalyst, 
creating an intermediate pentacovalent phosphorus group that promotes thiolysis.
41  Since 
bis(dichlorophosphino)methane is the most difficult reagent to prepare and handle, it was 
the  limiting  reagent  used,  and  all  other  quantities  of  reagents  were  added  as  molar 
equivalents of this reagent, typically in excess.  For this reaction step, 5 molar equivalents of 
butanethiol,  5  molar  equivalents  of  DIEA,  0.035  molar  equivalents  of  tetrazole,  and  a 
substantial quantity of toluene to provide a suitable reaction medium were used. 
  The  second  step  in  the  reaction  converts  the  intermediate  product  into  S6  by 
thiolating the lone pair sites on the trivalent phosphorus.  This reaction is shown in Figure 7. 
 
 
Figure 7 – Synthesis Reaction, Second Step 
 
  In this reaction step, elemental sulfur (stock) was used as the thiolating agent, and 
pyridine (VWR Intl.) was used to increase the rate of the reaction.  This process of thiolating 
trivalent phosphonites was shown  to experimentally to be successful  in  very short  time 
scales, especially in the presence of pyridine.
42  In this reaction step, 2 molar equivalents of S8 
and 9.5 molar equivalents of pyridine were used. 
  The reaction which produced the S6 used in the extraction portion of this work 
started with 2 grams of bis(dichlorophosphino)methane.  The reaction was carried out in the 
three neck, 500mL reaction flask and a 60mL pressure equalizing dropwise addition funnel 
connected to the middle flask neck on the vial.  The reaction started by first cleaning and 
baking the glassware.  An argon gas line was then attached to one of the other flask necks 
and the gas in the reaction vial was purged by first unsealing the reaction flask, followed by 
sealing the third flask neck with a septum stopper then sealing the opening at the top of the 
dropwise addition funnel (argon is denser than air, meaning sealing from the bottom up will 19 
 
 
 
create the most argon rich environment).  Anhydrous toluene was then added to the reaction 
flask using a cannula and gas pressure from the argon line and the stir bar was turned on.  
While  transferring  the  toluene,  the  gas  pressure  into  the  flask  was  lowered  to  promote 
transfer.    Following  the  addition  of  approximately  100  mL  of  toluene,  the  solvent  was 
bubbled with argon through a syringe for approximately 35 minutes to remove any residual 
water and oxygen impurities.  Following bubbling, the bis(dichlorophosphino)methane was 
added  rapidly  to the  solvent by opening the  septum stopper,  breaking the  glass ampule 
containing  the  reagent,  pouring  it  into  the  toluene,  and  closing  the  septum  stopper.  
Following this addition, the other reagents were added using syringes.  This crude addition 
method was necessitated by the delivery method of the chemical.  The tetrazole solution was 
added to the reaction flask and the butanethiol and DIEA were added to the addition funnel.  
The  top  reagents  were  then  added  dropwise  to  the  reaction  flask  over  the  course  of 
approximately 30 minutes. 
  This reaction was commenced for approximately 18 hours and went through several 
transitions over this time.  While performing dropwise addition, a thick, white smoke of HCl 
gas  formed  above  the  reaction  mixture.    As  dropwise  addition  continued,  the  reaction 
mixture  started  to  become  cloudy  as  the  amine  salts  formed.    Toward  the  end  of  the 
addition, the reaction mixture changed to an orange, opaque solution.  Over the next several 
hours as the reaction commenced, the mixture mellowed to a pale yellow, cloudy color. 
  After roughly 18 hours, the elemental sulfur was added to the vial by rapidly opening, 
adding, and closing the septum stopper opening.  The pyridine was then added directly to 
the reaction flask by syringe.  Immediately upon adding the elemental sulfur, the reaction 
flask darkened to a deep brown color.  After roughly two hours, the stir bar was turned off 
and the gas pressure was released as the reaction was finished.  Once the flask contents 
settled, it was noted that a significant amount of sulfur precipitate was at the bottom of the 
vial, but the mixture had become more significantly yellowed, leading to the assumption that 
sulfur did dissolve into the solution. 
  After the reaction, the mixture was washed several times with 0.1M HCl to remove 
the amine salts and phases were separated in a separatory funnel.  After several washes, the 
phases began to change color as both the dissolved salts were removed, and a significant 20 
 
 
 
portion  of  the  undissolved  elemental  sulfur.  Rotary  evaporating  removed  most  of  the 
residual toluene, and a yellow, slightly viscous oil remained.  The remaining product was 
then  separated  in  a  silica  chromatography  column.    Through  experimentation  and 
confirmation with phosphorus NMR, it was found that first eluting the column with hexane, 
followed by an elution with toluene would separate S6 from all other products.  The silica 
was dry packed into the column then soaked with hexane.  The mixture was then loaded into 
the column and eluted with argon gas pressure.  The eluent was separated into several small 
vials  and  TLC  plates  were  used  to  analyze  when  the  column  stopped  eluting  product 
material.  After the hexane eluent no longer contained product material, toluene was eluted 
through the column and roughly 2 columns lengths of toluene eluent was collected and 
rotary evaporated.  The remaining product was a cloudy, white, slightly viscous oil with a 
distinct odor. 
 
II.2 Synthesis Reaction Characterization 
The  structure  of  the  synthesized  molecule  was  confirmed  by  performing  both 
elemental analysis and 
1H and 
31P NMR spectrometry.  The elemental analysis techniques 
used for this characterization were combustion analysis, where the produced product was 
combusted at high temperatures and the off gas was analyzed for elements of interest.  Two 
techniques were used to analyze the S6 composition; one analyzing the carbon and hydrogen 
percent and one analyzing the sulfur percent of the off gas produced.  The technique used to 
analyze carbon and hydrogen involved statically combusting a small, known mass of the 
produced product at 950 °C in pure oxygen, producing CO2 and H2O with extended burn 
time available to fully combust all components.  These produced gasses are then measured in 
a  thermal  conductivity  analyzer  to  determine  the  gaseous  quantities  of  the  produced 
products with an error of about 0.5% of the measured quantity of the element of interest.  
The second technique used involved statically combusting the produced product at 1350 °C, 
producing SO2.  The off-gas can then be analyzed by infra-red absorption, as sulfur dioxide 
characteristically  absorbs  infrared  light  from  1200-1100  cm
-1.
43  This  portion  of  the 
experiment,  due  to  the  highly  specialized  nature  of  the  analysis,  was  contracted  to  a 
laboratory that specializes in these techniques.  The results returned were percentages of the 21 
 
 
 
total atomic composition of the produced sample, from which the  stoichiometry of the 
product could be inferred.   
Next,  NMR  spectrometry  was  performed  to  characterize  the  synthesis  product.  
NMR  spectrometry  is  one  of  the  most  powerful  spectroscopic  techniques  in  modern 
chemical analysis, and allows for the determination of structures of molecules containing 
nuclei with non-zero spin.  Nuclei with a non-zero spin possess axial rotating charges about 
the nucleus, creating a magnetic dipole in the direction of the axis of nuclear spin.  When 
placed into a magnetic field of sufficient field strength, the dipoles align in the direction of 
the induced magnetic field.  For nuclei with ½ spins, such as 
1H and 
31P, the nuclei studied in 
this work, there are two energy states which can be occupied by the magnetic dipole axis 
aligning in the direction of the magnetic field or against the direction of the field.  The 
energy difference between these occupied energy states is proportional to the field strength 
of the magnet in which the sample is placed.  This relationship is shown in Equation 9.
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  In Equation 9, “h” is Planck’s constant, “γ” is the magnetogyric ratio (a constant 
based on the spin and magnetic moment of the individually observed nucleus), and B0 is the 
magnetic field strength of the spectrometer. To overcome this energy gap, a radiofrequency 
known as the Larmor Frequency can be applied to a sample to perturb the nuclear spin axis.  
The Larmor Frequency is a portion of Equation 9, and is shown in Equation 10.
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  When the magnetic field is oriented to the z-axis, a 90° radiofrequency pulse will 
perturb the magnetic dipole onto the x-axis.  This absorbed energy will then decay away as 
the dipole reorients itself in the direction of the magnetic field.  This deexcitation occurs in a 
decaying oscillatory motion with respect to the magnetic field orientation as shown in Figure 
8.
44 22 
 
 
 
 
 
Figure 8 – Radiofrequency Pulsing and Deexcitation of NMR Active Nuclei 
 
As  the  deexcitation  occurs,  the  energy  absorbed  by  the  radiofrequency  pulse  is 
released in the direction of the magnetic dipole.  Detecting this energy release in the x-axis 
plane reveals a decaying sinusoid as the nucleus oscillates and re-orients itself into the z-axis.  
The  two  main  methods  of  performing  analysis  on  this  energy  release  is  either  through 
continuous  wave  frequency  scanning  or  pulsed  frequency  scanning.    Continuous  wave 
frequency  scanning  cycles  through  individual  initial  frequencies  and  measures  the  signal 
response.  This is a rather outdated approach that takes substantially longer to perform and 
is not particularly sensitive.  Pulsed scanning is now the preferred technique due to its rapid 
scanning of a wide range of frequencies and its greater inherent accuracy.
44 
  Pulsed scanning uses a short, powerful radiofrequency pulse with a wide range of 
frequencies  centered  about  νI.    This  excites  all  of  the  desired  nuclei  in  a  sample 
simultaneously, to which the collective dexcitation energy of each nuclei is measured over 
time.  The difference between the Larmor frequency of the individual nuclei and the center 
frequency  of  the  pulse  affects  the  deexcitation  time,  leading  to  the  individual  nuclei 
producing differently decaying sinusoidal waves.
44  A Fourier transform can be applied to the 23 
 
 
 
collective signal to deconvolute the spectra into peaks for the individual nuclei.  Fourier 
transforms for this application are defined by expression in Equation 11. 
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  In Equation 11, “t” is the time component of the decaying sinusoid and “ω” is all 
possible,  real  frequencies  used  in  the  FID  pulse.    This  allows  the  time-based  response 
function to be transformed into frequency space, which allows the behavior of individual 
nuclei to be observed. 
  To characterize the synthesized molecule, both 
1H and 
31P NMR were utilized to 
observe  the  electronic  nature  of  hydrogen  molecules  and  phosphorus  molecules  in  the 
sample.  The electronic nature of nuclei being observed has a pronounced effect on their 
magnetic moment, which affects the Larmor frequency of the individual nuclei.  In the case 
of hydrogen atoms, if the protons are adjacent to a strongly electron withdrawing molecular 
functional  group,  the  electron  density  of  the  proton  decreases,  increasing  the  Larmor 
frequency and deexcitation times.  Conversely, if the proton is adjacent to non-strongly 
electron withdrawing functional groups, such as the end of a long hydrocarbon chain, the 
proton will retain most of its electron density, and the Larmor frequency will be lower.  This 
electronic  environment  can  be  used  to  study  the  molecular  structure  of  a  synthesized 
molecule, and is one of the most preferred techniques of chemical synthesis characterization.  
Similar to 
1H NMR, 
31P has a ½ spin in which NMR can be used to determine the electronic 
nature of the nucleus.  
31P however is much less NMR active than 
1H, meaning that the 
number of scans performed must be significantly larger.
44 
 
II.3 Mixed Metal Extraction Testing 
Following synthesis, extraction tests were performed using S6 in n-dodecane with 
metals in nitric acid solutions.  These are common conditions of solvent extraction processes 
used  to  extract  metals  from  mixed  waste  streams,  being  utilized  in  PUREX  based 
reprocessing operations.  The first test performed was an extraction of mixed, radioactive 
transition metals in solutions of 0.1M, 1M, 3M, and 5M nitric acid.  Seven transition metal 24 
 
 
 
elements of known quantity were irradiated in the Oregon State University TRIGA reactor 
in  order  to  create  a  mixed  element  radioactive  sample  which  represented  typical  metals 
found  in  post-TRUEX  process  raffinates.    Included  in  the  samples  were  zirconium, 
molybdenum, ruthenium, rhodium, palladium, silver, and cadmium.  These metals represent 
the transition metals produced in significant quantities by the fission process.  Niobium was 
not included in the mixture as its lone stable isotope (
93Nb) is shielded by a long lived parent 
isobar  (
93Zr,  T1/2  =  1.53*10
6  years).  For  each  acid  strength  tested,  extractions  were 
performed in duplicate for more accurate statistics. 
Irradiation  in  a  nuclear  reactor  produces  radioactive  materials  through  neutron 
capture, which increases the isotope number of the target nucleus by one.  Equation 12 
below shows the process by which neutron capture changes the isotopic nature of an atom.
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In this equation, if the  produced product  is  then  radioactive, its  identity can be 
measured  by  observing  the  radiation  resultant  from  the  products  decay.    Typically,  the 
radioactive  release  from  an  element  will  be  of  a  characteristic  energy,  meaning  that 
spectroscopy  can  be  performed  to  determine  the  content  and  quantities  of  metals  in 
solution.  Neutrons are absorbed by a nucleus based on a statistically derived probabilistic 
area referred to as a cross section (“σ”).  These cross sections determine the breeding rate of 
the produced isotope based on the quantity of the parent isotope (“Nparent”) and the neutron 
flux about the sample (“φ”), a value which also determines reactor operating power.  Once 
activated, the daughter nuclei decay based on a characteristic decay constant for the isotope 
(“λ”).  The rate of breeding of a particular isotope is therefore governed by the differential 
equation in Equation 13.
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Following irradiation in a reactor, the change of the quantity of the daughter particle 
is dictated by the right half of Equation 13, steadily decreasing over time.  The mixed metal 25 
 
 
 
samples were irradiated at full power of OSU TRIGA reactor (1 MW) for 7 hours, as was 
dictated by the scheduling of the reactor’s irradiation facilities.  The quantities of metals in 
solution were chosen such that an irradiation would produce suitable gamma signals for 
detection rather than an attempt to emulate the metal concentrations in an actual post-
TRUEX  raffinate.    This  is  justified  as  the  concentrations  of  metal  in  the  final  aqueous 
solutions  were  substantially  low  (the  extractant  molecule  was  nearly  10  times  the 
concentration  of  the  metals  in  the  aqueous)  with  respect  to  the  concentration  of  the 
extractant molecule, meaning that even with high coordination numbers of metal ligands, 
there would still be adequate amount of unoccupied extractant molecules to complex those 
metals which would extract to the organic phase.  Furthermore, the highest concentrations 
of metal in the aqueous phase is that of zirconium, which is one of the most produced 
transition metals in the fission of 
235U.
5  Following irradiation, the metals were dissolved in 
10mL  of  acid  for  extraction.    Four  irradiated  samples  were  prepared  for  the  four  acid 
strengths  used  in  the  extraction  studies.    The  masses  of  the  metals,  and  subsequent 
concentrations in the extraction solutions are shown in Table 3. 
 
Table 3 – Mixed Metal Extraction Metal Quantities and Concentrations 
Element  Mass of Metal (mg)  Final Molarity (M) 
Zirconium  7.56  8.29*10
-3 
Molybdenum  1.51  1.57*10
-3 
Ruthenium  0.14  1.47*10
-4 
Rhodium  0.23  2.27*10
-4 
Palladium  0.23  2.14*10
-4 
Silver  0.14  1.32*10
-4 
Cadmium  0.15  1.29*10
-4 
Total Metal Concentration:  1.07*10
-2 
Total Ligand Concentration:  1.00*10
-1 
 
  In  these  solutions,  zirconium  was  significant  major  component  due  to  its  low 
neutron absorption cross section, making it difficult to activate.  This effect is preferable in 
the design of nuclear fuel cladding, where neutron interactions are not desirable.  In this 
application, however, this effect is an undesired consequence.  The final activity of these 
components, as well as the expected gamma energies following irradiation were calculated 26 
 
 
 
with  a  TRIGA  activity  calculator  that  accounted  for  the  masses  and  natural  isotopic 
abundances of the elements being irradiated, the gamma ray energies produced based on the 
branching ratio of decay of the newly created isotopes and their daughters, as well as reactor 
conditions such as reactor power (directly proportional to the neutron flux) and irradiation 
time.  Each metal included into the extraction tests emitted characteristic gamma rays which 
could  be  studied  by  performing  gamma  spectroscopy.    Certain  elements,  following 
irradiation, decayed notably faster than others, meaning that the gamma energies emitted 
from the sample could be measured at two different times to display extraction potential of 
the synthesized molecule.  In this study, the post extraction samples were measured at 2 days 
following irradiation, and two weeks following irradiation to allow for the decay of short 
lived products.  The energies of the gamma rays emitted from the sample post-irradiation, as 
well as isotopic sources of these gamma rays and the predicted activity contributed by the 
element are shown in Table 4. 
Table 4 – Gamma Energies Expected Following Mixed Metal Sample Irradiation 
Element 
Predicted Activity 
at Two Days (uCi) 
Gamma Energy 
(keV)  Isotope  Half Life (d)  Visible at 2 weeks 
Zr  1.26  657.9  Nb-97  5.13E-02  No 
  
 
724.2  Zr-95  64.02  Yes 
  
 
743.4  Zr-97  0.70  No 
  
 
756.7  Zr-95  64.02  Yes 
  
 
765.8  Nb-95  34.99  Yes 
      1362.7  Zr-97  0.70  No 
Mo  4.95  366.4  Mo-99  2.75  Yes 
  
 
739.5  Mo-99  2.75  Yes 
      777.9  Mo-99  2.75  Yes 
Ru  0.86  497.1  Ru-103  39.27  Yes 
Pd  11.4  88.0  Pd-109  0.56  No 
Ag  0.22  657.8  Ag-110m  249.8  Yes 
  
 
884.7  Ag-110m  249.8  Yes 
  
 
937.5  Ag-110m  249.8  Yes 
      1384.3  Ag-110m  249.8  Yes 
Cd  0.69  336.2  Cd-115  2.23  No 
  
 
492.4  Cd-115  2.23  No 
      527.9  Cd-115  2.23  No 
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  Table 4 includes the predicted activity of the samples at two days, which draws some 
assumptions  about  the  neutron  flux  present  about  the  samples  during  irradiation.    The 
average thermal neutron flux for the power level of the reactor was assumed to be constant 
at  4.60*10
12  neutrons/cm
2-s,  a  value  which  accounts  for  the  physical  separation  of  the 
irradiation  racks  from  the  reactor  core  (allowing  for  neutron  attenuation)  but  does  not 
account for any discrete changes in power over the course of irradiation.  Furthermore, the 
predicted  activities  are  calculated  on an  element-by-element  basis,  not  considering  other 
species  also  in  solution.    This  may  change  the  predicted  values  from  the  actual  post-
irradiation values based on the  dip in  neutron flux  that can occur with heavily neutron 
absorbing natural isotopes, such as 
95Mo, 
99Ru, 
109Ag, and 
113Cd.  It is assumed however that, 
due to the homogenous dispersion of elements and the small size of the samples, that this 
effect  will  be  minimal.  Also  of  note  is  that after  a  2  day  cooling  time, no  radioactive 
rhodium remained, meaning that another method of rhodium extraction needed to be used. 
  The masses of several of the metals included in the irradiation sample were an order 
of  magnitude  below  1mg,  a  quantity  which  itself  is  difficult  to  accurately  measure.  
Therefore, to prepare the irradiation samples, a larger liquid sample was prepared of which 
smaller  quantities  were  transferred  to  the  irradiation  vials.    A  50mL  stock  solution  was 
prepared, or which 50uL was used for each irradiation sample.  Furthermore, since most 
precious metals are not readily soluble in weak acids, metals salts we used to prepare the 
metal loaded stock solution.  Table 5 displays the metal salts used for each metal, as well as 
the mass included in the stock solution to gain the final molarity in the extraction solutions. 
Table 5 – Masses of Metal Salts Used in Mixed Metal Stock Solution 
Element  Metal Salt  Molecular Weight (g/mol)*  mass added (mg) 
Zr  ZrO(NO3)2·6H2O  339.23  2811 
Mo  (NH4)6Mo7O24 4H2O  176.55  277 
Ru  RuCl3  207.43  30.4 
Rh  RhCl3 4H2O  263.31  59.9 
Pd  PdCl2  177.32  37.9 
Ag  AgNO3  169.87  14.2 
Cd  Cd(NO3)2 4H2O  308.47  39.8 
  *Molecular weights normalized for individual metal atoms 28 
 
 
 
 
  Once  the  individual  metals  salts  had  been  weighed  out,  the  stock  solution  was 
prepared using a 50mL volumetric flask with 1M nitric acid as a solvent.  The metal mixture 
required significant mixing and heating to dissolve all components into solution, and upon 
settling,  a  thin  layer  of  precipitate  remained  in  the  base  of  the  volumetric  flask.    Each 
component was checked independently for its solubility in nitric acid, and all components 
were soluble, so it is presumed that the remaining precipitate may have been caused by an 
oversaturation of the solvent.  It was therefore presumed that, while not all of the metal was 
included  in  the  solution,  enough  was  included  to  perform  gamma  spectroscopy  after 
irradiation.  Following dissolution, four 500uL aliquots were taken from the stock solution 
using a 1000uL pipette and injected into ~1mL irradiation vials that had been washed with 
methanol and dried, thus creating a sample for each acid strength to be tested.  These vials 
were then placed under heating lamps for about 24 hours to evaporate the liquid in solution.  
Once all of the liquid had been evaporated from the vials, they were sealed by melting the 
cap edges into the sides to create an air tight seal.  These vials were then placed inside 
similarly  washed  outer  vials  and  were  sealed  as  the  first  containment  layer  was  sealed.  
Significant attention was paid during preparation to avoid contaminating the vials with skin 
oils and salts, as natural sodium activates very easily to 
24Na which emits very high energy 
gamma rays, causing a potential delay in sample delivery. 
  Following irradiation, the samples were allowed to cool for roughly 36 hours to 
reduce the dose resultant from handling.  The irradiation vials were then cut open and the 
contents  emptied  into  10mL  of  the  0.1M,  1M,  3M,  and  5M  nitric  acid  to  be  used  for 
extraction testing.  Prior to contacting the metal loaded acid with 0.1M S6 in n-dodecane, the 
organic  phase  was  pre-equilibrated  with  bare  nitric  acid  to  extract  nitrate  ions  into  the 
organic phase.  This allows the only interactions to occur when contacting with the metal 
loaded  acid  to  be  ion  exchange  in  the  organic  phase,  a  much  more  statistically  reliable 
measurement as opposed to using bare organic which must extract both metals and nitrate 
ions.  This pre-equilibration was achieved by contacting 2.5mL of 0.1M S6 in n-dodecane 
with 2.5mL of each acid to be used in extraction testing.  Each sample was performed in 
duplicate, meaning 8 contacting vials were prepared.  Contacting was achieved by vortexing 29 
 
 
 
the 2 phases on a shaker for 10 minutes, followed by centrifuguation for 1 minute at 3,400 
rpm to disengage the phases.  The aqueous phase was then discarded by removal with a 
transfer pipette.  This pre-equilibration was performed twice, followed by contacting with 
the metal loaded acid.  This acid was also contacted with the organic by vortexing for 10 
minutes on a shaker and centrifuging for 1 minute.  1mL of each phase was then separated 
for gamma spectroscopy. 
  Gamma spectroscopy was performed on a low-background High Purity Germanium 
(HPGe)  detector.    HPGe’s  are  solid  state,  semiconductor  radiation  detectors.    Semi-
conductor detectors of this type consist of very  uniformly  formed  atomic crystal  lattice 
structures in which two electron excitation states exist.  Electrons which are in their ground 
state are said to be in the valence band, meaning that they stay bound to the crystal lattice of 
the detector.  When excited, electrons can jump to the conduction energy band, an excited 
state  which  allows  them  to  move  across  the  crystal  lattice  without  deexciting.    Such 
excitation can be caused by the interactions of ionizing radiation with the electron clouds 
surrounding the atomic nuclei in the detector, allowing for radiation to be detected by the 
resultant electrical current generated.  These energy differences are very small however, and 
are electrons in the valence band are prone to thermal excitation, meaning that the detectors 
must be kept cooled to reduce thermal signal generation.
47 
  Semi-conductor detectors operate  by containing two  regions which have specific 
impurity types, referred to as p-type and n-type regions.  P-type regions contain impurities 
which create a negative space charge whereas n-type regions create a positive space charge 
which, when combined at a junction, form an effective capacitor.
48  Germanium is selected 
as a semi-conductor material due to the ability of manufacturing detectors with very low 
levels of impurities.  With very low levels of impurities, large gaps exist between electron rich 
and electron deficient regions, creating a so called “depleted region” where excited electrons 
cannot be deposited.  When a reverse voltage is applied to a detector, the depleted region 
becomes larger, and electrons must flow from one side of the detector to the other without 
de-exciting into the valence band.  This creates a large volume for detection of incident 
radiation, which is important to detection as individual interactions rarely allow for all of the 
energy of the incident particle to be deposited in the detection volume.  A large detection 30 
 
 
 
volume however allows multiple interactions to occur which allow for the deposition of all 
of the energy of incident radiation, allowing for accurate and resolute energy measurements 
of a radioactive sample.
47 
  As stated previously, although rhodium was included into the mixed metal irradiation 
samples, its extraction could not be measured by gamma spectroscopy.  Rhodium in an 
aqueous solution, however, possesses a deep red color, making its extraction quantifiable by 
UV/Visible spectroscopy.  UV/Visible spectroscopy uses light absorption in a solution and 
the Beer-Lambert law as a means of quantifying the molarity of the solution.  The Beer-
Lambert law is shown in Equation 14.
49 
 
                      
 
  In Equation 14, “Aλ” is the absorbance of a particular wavelength of light, a unitless 
value based on the transmittance of light through a sample, “ελ” is the molar absorption 
coefficient, a constant relating the concentration of a solute and the light absorption of a 
particular wavelength, “l” is the path length of the light through the solution (typically a 1 cm 
quartz  cuvette),  and  “c”  is  the  concentration  of  the  observed  solute  in  the  solution.  
Absorbance the logarithmic decrease of the intensity of a monochromatic light entering a 
measured sample (I0), and the intensity of the light exiting the measured sample (I).  For a 
constant wavelength, this relationship is shown in Equation 15.
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This measurement of light intensity, and the means of generating and collimating a 
single wavelength are an integral part of spectrophotometer design.
49 
Spectrophotometers such as the one used in this study have several important pieces 
of equipment integral to their operation.  The first, essential part of any spectrophotometer 
is a lamp which produces light with a wide range of wavelengths for  passing through a 
sample.  The spectrophotometer used in this study is an Agilent Technologies® Cary 6000i 
contains  both  a  tungsten  and  a  deuterium  arc  lamp.    Tungsten  lamps  produce  light  in 31 
 
 
 
wavelength range of 320-2500 nm, enough to include the entire range of visible light, but do 
not include the ultraviolet range.  Deuterium arc lamps emit ultraviolet light between the 
wavelengths  of  200-400  nm,  and  are  used  for  ultraviolet  spectrophotometry.    The 
combination of these lamps provides an adequate wavelength range to perform spectroscopy 
in both the visible and UV region.
49 
Once  the  light  has  been  generated,  a  narrow  beam  is  passed  through  a 
monochromator to isolate individual wavelengths for transmittance through a sample.  In 
most spectrophotometers, the light is first collimated by reflecting it off a concave mirror, 
dispersing it into multiple light rays.  This series of beams is then reflected off of a grating, 
which is a reflective surface consisting of multiple narrow, angled surfaces. Light incident on 
a  grating  will  reflect  off  at  different  wavelengths  depending  on  wavelength,  effectively 
dividing the beams into light spectra.  The divided spectra are then reflected off a second 
concave  mirror  to  recombine  all  of  the  previously  divided  rays  into  rays  of  individual 
wavelengths.  Due to the different angles of refraction, the light can then be passed through 
a small slit to obtain a single beam of monochromatic light.  The grating can then rotate to 
direct desired wavelengths through the grating to scan across a large range of individual 
wavelengths.  An image of a typical monochromator is shown in Figure 9.
49 
 
Figure 9 – Typical UV/Vis Monochromator Setup 32 
 
 
 
  Once the beam has been reduced to a single wavelength, the intensity prior to and 
following passing through the sample must be measured to determine its absorbance.  This 
is accomplished by passing the light beam through a beam splitter to direct a portion of the 
light  in  a  90°  angle  from  its  original  direction.    Beam  splitters  are  typically  made  of 
germanium deposited on a salt plate or Mylar, depending on the expected wavelengths of 
light used in the device.  Once in place, the beam splitter splits a very reproducible fraction 
of the light, allowing a portion of the initial light to be measured while the remaining light 
can pass through the sample and its intensity measured following absorption in the sample.  
The means of measuring the light intensity from both sources is by use of a photomultiplier 
tube (PMT).
49  PMT’s convert incident photons into electrons, and multiply the electrons 
over  a  series  of  dynodes  before  discharge  at  an  anode.    The  output  signal  of  the 
photomultiplier  tubes  allows  the  intensity  of  both  the  incident  and  exiting  light  to  be 
measured, returning a value of absorbance.
47 
The remaining parameter in Equation 14 which relates concentration to absorption 
is the molar absorption constant. The molar absorption coefficient, over a range of accuracy 
dictated  by  the  spectrometer  used  for  measurement  will  be  a  constant.    Using  known 
aqueous solutions of known concentration of solute, this constant can be found as the slope 
of  a  plot  of  absorption  vs.  concentration  of  solute.    Using  this  value,  the  unknown 
concentration of solute post extraction can be determined by its absorption alone.
49  To 
determine the extraction of rhodium, the molar absorption coefficient was determined using 
5 concentrations of rhodium in nitric acid solutions of 0.1M, 1M, 3M, and 5M.  Following 
determination of these constants, the extraction of rhodium was determined by performing 
an extraction in the same manner as the irradiated solution extractions and measuring the 
concentration  of  rhodium  in  the  aqueous  phase  both  before  and  after  extraction.    The 
rhodium stock prior to extraction was the highest concentration used in determining the 
molar absorption coefficient, and the amount extracted into the organic phase is presumed 
to be the final concentration in the aqueous subtracted from the initial concentration. 
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II.4 Minor Actinide/Lanthanide Extraction Testing 
  The  separation  of  minor  actinides  and  lanthanides  is  a  significant  technological 
challenge  in  advanced  reprocessing  schemes  due  to  their  extremely  similar  chemical 
properties.  One of their minor chemical differences that is utilized for separation is the 
slightly softer nature of actinides over lanthanides.  Since the synthesized extractant has 
several soft donor containing sites, it is postulated that it will preferentially extract minor 
actinides  over  lanthanides.  To  perform  a  minor  actinide/lanthanide  partitioning  study, 
americium and europium were extracted separately and their distribution ratios compared.  
Americium was selected as the minor actinide to be studied as the actinides below americium 
on  the  periodic  table  are  not  typically  trivalent,  one  of  the  primary  reasons  that  minor 
actinides and lanthanides are difficult to separate, and actinides above americium on the 
periodic table are difficult to obtain.
6  Europium was selected as a lanthanide as it is typically 
the most difficult lanthanide to separate from minor actinides and serves as a limiting case 
for the applicability of minor actinide/lanthanide separations with this extractant. 
  Since americium is radioactive, and europium can be made to be radioactive through 
neutron  irradiation,  spike  quantities  can  be  used  to  perform  extraction  measurements.  
“Spike” quantities of a radiotracer, which are very small volumetric quantities of a studied 
element with a high specific activity and low molarity such that radiodetection is possible 
even with very small amounts of extracted metal.  Americium/europium separations were 
performed by contacting 1.5mL of 0.05M S6 in n-dodecane with 1.5mL of nitric acid with 
the concentrations of 1M, 3M, and 5M.  Contacting was performed by vortexing in a shaker 
for 10 minutes followed by a one minute centrifugation, which was performed twice.  After 
contacting, the aqueous phase was removed by a pipette.  After two pre-equilibration steps, a 
fresh  1.5mL  aqueous  phase  was  added  and  spiked  with  either  radioactive  americium  or 
europium.  For each test, 10μL of the spike stock was added to the aqueous phase, negligibly 
affecting  the  overall  acid  concentration.    The  amount  of  spike  solution  added  was 
determined by the quantity necessary to observe activity in each phase.  These radioactive 
samples were then vortexed in a shaker for 10 minutes and centrifuged for 1 minute.  1mL 
of  each  phase  was  then  counted  using  a  tellurium  doped  sodium  iodide  gamma 
spectrometer. 34 
 
 
 
  Thallium doped sodium iodide (NaI(Tl)) detectors are primarily used for gamma 
spectroscopy and utilize  a crystal lattice salt formation to generate measureable photons 
through electron deexcitation.  When electromagnetic radiation interacts with the thallium 
doping, a free electron is generated by either the photoelectric effect or Compton scattering.  
This removes part of the gamma energy from the incident radiation and excites an electron 
in the detector to the conduction band, allowing it to move across the crystal lattice until 
deexcitation at an electron vacated site.  This deexcitation produces a photon equivalent to 
the  difference  between  the  valence  and  conduction  band.    The  incident  radiation  must 
interact several times to fully deexcite, and therefore counting the produced photons will 
reveal  the  energy  of  the  original  gamma  ray,  neglecting  radiative  escape.  Once  the 
deexcitation photons have been produced, they are counted by converting them to electrons 
in a photocathode.  These electrons then pass through a photomultiplier tube, increasing the 
number of electrons until detectable.
48 
  Sodium  iodide  detectors  are  more  efficient  at  detecting  radiation  than  HPGe 
detectors due primarily to the greater mass of thallium as opposed to germanium.  The 
difference in the energy between the valence band and the conduction band is much larger 
however,  causing  them  to  have  a  lower  resolution.  For  individual  radioactive  species, 
however, this is not as tremendous problem as gamma rays from an individual species are 
generally well known with constant ratios, and a sufficient range can be counted to ensure 
consistency between measurements.  For 
241Am, the gamma energy counted for extraction 
studies is 59.5keV, and the gamma energy for irradiated europium counted is 121.8keV.  
Once  measured,  the  count  rates  are  proportional  to  the  mass  distribution,  allowing 
distribution ratios and separation factors to be measured. 35 
 
III. Results 
 
III.1 Synthesis Product Characterization 
Elemental analysis was the first test of synthesis purity, using combustion off gas 
analysis.  The analysis was performed by Galbraith Laboratories, Inc., a chemical analysis 
company that specializes in elemental analysis.  Prior to the combustion, the company used 
an  in-house  drying  technique  to  remove  any  volatile  components.    The  results  of  the 
elemental analysis are shown in Table 6, with the laboratory prepared reports located in 
Appendix B. 
 
Table 6 – Elemental Analysis Results 
Element  Measured [%]  Expected [%]  Difference 
Hydrogen  7.84  7.71  +0.13  1.7 % 
Carbon  41.24  41.10  +0.14  0.3 % 
Phosphorus  N/A  12.47  N/A  N/A 
Sulfur  38.34  38.72  -0.38  1 % 
 
  The mass percentage difference for each element is within an acceptable error range, 
and indicates a satisfactory product synthesis.  The measured mass of the completed product 
was  3.064g,  synthesized  from  2g  of  the  starting  bis-dichlorophophino-methane.    The 
expected mass of a complete reaction was 4.562g, meaning that a reaction yield of 67.16% 
was achieved.  For an experimental, multi-step synthesis reaction and purification, this yield 
is actually quite high.  This product was then dissolved in n-dodecane and used to perform 
precious metal and actinide/lanthanide extractions from aqueous media. 
Following the chemical synthesis portion of this research, the produced compound 
needed to be identified and characterized in order to ensure that the synthesis reactions had 
performed as anticipated.  Several synthesis characterization techniques were performed to 
confirm that the produced product was the desired product.  
1H NMR was the first analysis 
technique performed.  A spectrum of both S6 and butanethiol are shown in Figure 10 for 
comparison. 
 36 
 
 
Figure 10 – 
1H NMR Spectra of S6 and Butanethiol 
 
  These spectra were measured against a TMS reference standard in a d-chloroform 
solvent.    The  spectrum  for  S6  produced  the  following  spectrum:  δ  3.66–3.61  (t,  2H, 
J=12MHz,  -P-CH2-P-);  δ  3.04–2.98  (m,  8H,  J=7.5MHz,  -CH2-S-);  δ  1.73–1.67  (m,  8H, 
J=7.5MHz,  -CH2-);  δ  1.48–1.40  (m,  8H,  J=7.5  MHz,    -CH2-);  δ  0.95–0.92  (t,  12H, 
J=7.5MHz,  -CH3).      Comparatively,  the  spectrum  for  pure  butanethiol  produces  the 
following spectrum: δ 2.55–2.51 (m, 2H, J=7.5 MHz, -CH2-S-); δ 1.63–1.56 (m, 2H, J=7.5 
MHz, -CH2-); δ 1.45–1.38 (m, 2H, J=7.5 MHz, -CH2-); δ 1.34–1.31 (t, 1H, J=8 MHz, -SH); δ 
0.93  –  0.90  (t,  3H,  J=7.5MHz,  -CH3).    The  spectrum  of  butanethiol  is  confirmed  by 
comparison to the peaks seen in a literature database.
50 The observed spectrum of S6 shows 
logical placement of proton shifts.  The alkyl chain protons are in similar locations to the 
alkyl protons on butanethiol, however tend to shift farther upfield as the proton location 
becomes  closer  to  the  functional  groups.    This  is  logical  as  phosphorus  is  more 
electronegative than sulfur, deshielding the alkyl protons in the extractant molecule more so 
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than in butanethiol.  Furthermore, the protons in the methyl bridge appear farther downfield 
than all of the alkyl protons due to the deshielded nature of the protons because of the 
functional groups on either side.  Interestingly, the methyl bridge produces a triplet signal. 
This behavior could be evidence of multiple bond angles about the functional group.  The 
peak at 1.55ppm likely represents an impurity.  An attempt to remove the, presumed volatile 
impurity from extractant molecule was performed by leaving the extractant on a petri dish 
inside of a hood with moderate air flow for two days.  Upon rescanning the 
1H NMR spectra 
following the purification step, the spectrum in Figure 11 was evidenced. 
 
 
Figure 11 – NMR Spectrum Following Impurity Purification 
 
  In Figure 11, it is seen that the methyl bridge protons have begun to form side peaks, 
indicating that their electronic environment has changed somewhat.  Further evidenced is 
that the alkyl protons have all generally remained in the same location, indicating that the 39 
 
as they both produce the exact same chemical shift.  This is indicative of a complete reaction 
as side peaks would be evidence of a reaction that had different phosphorus environments.  
Furthermore, the peak location is confirmed to be in the correct ppm range by comparison 
to other, similar thiophosphinates.
50 
 
III.2 Precious Metal Extraction 
  The matrix of precious metals was formulated and extracted as described in the 
materials and methods section.  When the precious metal rich phases were contacted with 
the organic phase however, it was noticed that an orange, clouded third region had formed 
between the lighter organic phase and the heavier aqueous phase.  This so called “third 
phase”  is  evidenced  in  some  solvent  extraction  schemes  as  a  surfactant  rich,  micellar 
emulsion.  It does not appear that this is the case in this mixture however, as perturbation 
reveals allows this phase to migrate into either the organic or aqueous phase, and even allows 
settling below the heavy aqueous phase after substantial centrifugation.  This leads to the 
conclusion that this is not a micelle rich third phase, but an insoluble precipitate that, when 
initially formed, was not heavy enough to pass through the surface tension of the aqueous 
phase.  This precipitate is shown in Figure 13.  This product will also be collected and 
measured by gamma spectroscopy as well as a portion of the organic and aqueous phases. 
   40 
 
 
Figure 13 – Solid Precipitate Formed Following Precious Metal Contact 
 
1mL of each phase was collected into separate vials by hand pipette prior to isolation 
of the precipitate.  The precipitate was placed into a filter centrifuge vial and centrifuged for 
3 minutes to remove the liquid phase from the precipitate.  This centrifugation was hindered 
by clogging of the filter by the precipitate.  The remaining product in the filter was then 
washed with a small amount of 1M HNO3 in an attempt to remove any non-precipitate 
metal which had remained on the outside of the solid.  The vials were then centrifuged with 
moderate separations.  The filters themselves were then collected in larger vials for gamma 
spectroscopy.  The HPGe detector used was calibrated using a 
137Cs and 
54Mn source to 
emulate the gamma energy range and approximate dead time of the samples measured.  The 
samples were then measured for 5 minutes of live time apiece, with the aqueous, organic and 
precipitate  of each  individual  extraction  measured  in  immediate  succession  to  avoid  the 
effects of decay on the sample. 
  Upon collection of the gamma spectra of the measured samples, several regions of 
interest were found on the complete spectrum to identify the products in each phase.  These 
regions of interest were 650 – 800 keV, 300 – 550 keV, 850 – 1400 keV, and 0 – 150 keV.  
The spectra  of these  regions for each  extraction can be found in  Appendix  C,  but the 41 
 
spectrum of one of the 5M HNO3 extractions will be shown in this section for analysis.  The 
first energy spectrum shown is the 650 – 800 keV range for the spectra collected two days 
after irradiation.  This spectrum is shown in Figure 14. 
 
 
Figure 14 – 5M HNO3 Extraction Gamma Spectrum from 650 – 800 keV 
 
  There  are  several  peaks  evidenced  in  this  energy  range.    The  first  peak  to  be 
examined is at approximately 658 keV.  A closer look at this peak is shown in Figure 15. 
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Figure 15 – 5M HNO3 Extraction Gamma Spectrum of 658keV Peak 
 
  In this view of the peak, it can be seen that there is some radioactive material in the 
aqueous and organic phases, as well as some in the precipitate.  It is, however evidenced that 
the peaks for the organic phase and the precipitate are somewhat offset from the peak from 
the aqueous phase (it appears that the aqueous phase is at a slightly higher energy).  Of the 
metals included into the mixed metal samples, the two possible radionuclides that this peak 
represents are 
110mAg (657.8 keV) and 
97Nb (657.9 keV).  
97Nb is present from the decay of 
97Zr generated by irradiation, and although it has a short half-life (72.1 minutes), it exists in 
transient equilibrium with its parent nuclide (T1/2 = 16.8 hours).  After two weeks, all of the 
97Zr  generated  should  be  completely  decayed  however,  deconvoluting  this  overlapping 
signal.  The second half of the spectrum, from 720 – 790 keV is shown in Figure 16. 
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Figure 16 – 5M HNO3 Extraction Gamma Spectrum from 720 – 790 keV 
 
There  are  several  notable  peaks  in  this  spectrum  which  speak  to  the  extraction 
properties of S6.  The peaks at 724.2 keV and 756.7 keV are most likely 
95Zr, while the peak 
at 743.4 keV is most likely 
97Zr, both produced from zirconium irradiation.  While some of 
the 
97Zr appears to have formed a precipitate with the extractant, this is not evidenced in the 
95Zr  peaks,  and  is  believed  to  be  caused  by  incomplete  washing  of  the  exterior  of  the 
precipitate surface (due to the fact that zirconium is the majority product by a significant 
margin in the extraction mixture).  The peaks at 739.5 keV and 777.9 keV are most likely 
99Mo,  formed  from molybdenum  irradiation.  It appears that no molybdenum has been 
extracted either into the organic phase or the precipitate.  Finally, two small peaks appear 
between 760 – 770 keV.  These are most likely caused by 
110mAg (763.9 keV) and 
95Nb (765.8 
keV) where, it appears, that silver is being extracted into both the organic and precipitate 
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while  niobium  (from  zirconium  irradiation)  appears  to  remain  in  the  aqueous  phase, 
although this is not entirely evident from these peaks alone. 
The next region of interest is 300 – 550 keV.  The spectrum for the 5M HNO3 
extraction is shown in Figure 17. 
 
 
Figure 17 – 5M HNO3 Extraction Gamma Spectrum from 300 – 550 keV 
 
  It can be seen in Figure 17 that there are several gamma energy peaks in this range of 
interest.  Defining these peaks may be a bit difficult, as the background in this region may be 
elevated due to the effects of the Compton continuum present from higher energy decay 
escaping before depositing all of its energy.  Also, this region is also a very typical gamma 
decay region.  The first section of this region to consider is from 300 – 425 keV.  This 
section is separated and displayed in Figure 18. 
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Figure 18 – 5M HNO3 Extraction Gamma Spectrum from 300 – 425 keV 
 
  There is a very messy background region in Figure 18, however there are several 
main peaks to consider.  The major known peaks to consider are at 319.2 keV (
105Rh, from 
ruthenium decay), 336.2 keV (
115Cd), 355.4 keV (
97Zr), and 366.4 keV (
99Mo).  There are 
several other prominent peaks in the spectrum that  are difficult to define however, and 
suggest some possible contamination.  The peaks at 343 keV and 346 keV can be attributed 
to hafnium (
175Hf, 343.4 keV and 
181Hf, 345.9 keV) which is notoriously difficult to separate 
from zirconium.  Regardless, these gamma peaks are only found in the aqueous phase and 
are not extracted into the organic phase or the precipitate, so their identification has little 
effect on the processing chemistry.  Furthermore, the peak at 412 keV is believed to be from 
gold contamination (
198Au, 411.8 keV) as gold activates very easily, emits a characteristic 
gamma ray at that energy, and may be present in some of the precious metals used to create 
the irradiation solution.  This would need to be confirmed with future testing however.  The 
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second portion of this region of interest is from 470 keV to 550 keV.  This plot is shown in 
Figure 19. 
 
Figure 19 – 5M HNO3 Extraction Gamma Spectrum from 470 – 550 keV 
 
There are several identifiable peaks in this spectrum, including the peaks at 492 and 
528 keV (
115Cd, 492.4 keV and 527.9 keV), 497 keV (
103Ru, 497.1 keV), and 508 keV (
97Zr, 
507.6 keV).  It does not appear that any of these elements extract into either the organic 
phase or the precipitate.  The large, prominent peak at 482 keV is not easily defined with the 
known added materials.  It does, however, make sense for this peak to be 
181Hf (482.2 keV), 
as a peak in Figure 18, as the peak height ratio of the two peaks is nearly identical to the 
branching  ratios  of  the  two  gamma  energies.    Regardless,  no  peaks  in  this  spectrum 
effectively extract into the organic phase or the precipitate.  The next spectrum to consider is 
in the range of 850 – 1400 keV.  This spectrum, the 5M HNO3 extraction is shown in Figure 
20. 
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Figure 20 – 5M HNO3 Extraction Gamma Spectrum from 850 – 1400 keV 
 
  This portion of the spectrum contains several radionuclides which have extracted 
into the organic and precipitate.  Furthermore, it seems that the aqueous phase contains 
several minor radionuclide peaks, whereas the organic phase and precipitate only exhibit a 
few, major extracted peaks.  The first portion of this spectrum for analysis is from 850 – 
1050 keV.  This portion of the spectrum is shown in Figure 21. 
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Figure 21 – 5M HNO3 Extraction Gamma Spectrum from 850 – 1050 keV 
 
  In this spectrum, the only readily identifiable peaks are at 885 keV and 937 keV 
(
110mAg, 884.7 keV and 937.5 keV).  The remaining peaks in this portion of the spectrum are 
not easily identifiable, and are most likely caused be either impurities or by low branching 
fraction gamma decays of the added products.  The count rate of these radionuclide peaks 
are relatively small, and could be prone to error.  The peaks assigned to 
110mAg however, are 
more telling as the branching ratios of the two peaks seen correspond to their peak heights, 
and although the count rates are similar to the other peaks seen in the spectrum, not all of 
the precipitate was collected for counting, artificially deflating the count rate. The second 
portion of the spectrum to be analyzed is from 1250 – 1400 keV.  This portion of the 
spectrum is shown in Figure 22. 
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Figure 22 – 5M HNO3 Extraction Gamma Spectrum from 850 – 1050 keV 
 
  In  this  spectrum,  the  primary  peak  is  located  at  1369  keV.    This  peak  can  be 
attributed to sodium contamination, a nearly impossible condition to avoid as sodium is 
present  on  skin  and  will  deposit  on  to  the  irradiation  vials  during  preparation,  despite 
attempts to prevent this from happening.  Also seen in this spectrum is a peak located at 
1384 keV which is primarily present in the organic phase and the precipitate.  This most 
likely corresponds to 
110mAg (1384.3 keV), as all other silver peaks are evidenced in the 
spectra  and  were  similarly  extracted  into  both  the  organic  phase  and  precipitate.  The 
presence of the three 
110mAg peaks at high energies are also telling of composition of the 658 
keV peak, as this is the predominant 
110mAg peak.  The final gamma peak to be analyzed is in 
the very low energy region of gamma decay.  This peak, located at 88 keV is shown in Figure 
23. 
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Figure 23 – 5M HNO3 Extraction Gamma Spectrum from 75 – 100 keV 
 
  Typically, this portion of gamma spectrum is prone to high background radiation 
and extraneous peaks.  The peak at 88 keV however, is very telling of palladium in the 
precipitate in the organic however (
109Pd, 88.1 keV).  From this peak, it can be shown that 
after extraction, there is very little palladium remaining in the aqueous phase, and a minor 
amount in the organic phase, with almost all of the palladium being precipitated.  In order to 
ascertain the nature of the peak located at 658 keV (from Figure 15), gamma spectra must 
once again be recorded at two weeks following irradiation as the potential niobium in this 
peak will be decayed (
97Nb coming from 
97Zr decay, T1/2 = 16.9hr) whereas the potential 
silver will still be present in the sample (
110mAg, T1/2 = 249.8d).  The gamma spectra of each 
sample was rerecorded 14 days following irradiation, and the gamma peak present at 658 
keV is shown in Figure 24. 
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Figure 24 – 5M HNO3 Extraction Gamma Spectrum of the 658 keV Peak taken at 2 Weeks 
 
This spectra appears to show that, now that 
97Nb has decayed, the peak entirely 
consists of silver which has extracted into the organic phase and precipitate.  The spectra 
located in Figures 13 - 23 seem to suggest that silver and palladium are complexed well by 
S6, and even form an insoluble ligand preferential to the other soft metals in solution.  Since 
the entire precipitate could not be collected into the filter vial, and therefore counted along 
with the individual phases, an aliquot of the stock solution was also counted to quantify the 
amount of silver in the precipitate as opposed to silver in the organic phase.  The 658 keV 
gamma peak was the 
110mAg peak with the highest branching ratio, so this peak will be 
integrated with background correction to measure the counts in each phase, as well as the 
counts in the stock solution.  1 mL of the stock solution was counted, whereas 1mL of each 
contacted phase was counted (where 2.5 mL of the stock was contacted).  This means that 
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the percentage of silver in the precipitate is equivalent to the counts in the stock solution 
minus the counts in the aqueous and organic phase.  A figure of the 658 keV for each acid 
concentration studied is shown in Figure 25, and the results of this analysis are shown in 
Table 7. 
 
 
Figure 25 – Effect of Acid Concentration on Silver Complexation with S6 
 
Table 7 – Silver Extraction Partitioning 
 
HNO3   
(M) 
Partitioning of Silver: 
Aqueous Phase [%]  Organic Phase [%]  Precipitate[%] 
0.1  33.6  33.3  33.1 
1  16.8  17.4  65.8 
3  4.5  17.3  78.2 
5  2.2  24.6  73.2 
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As seen in Figure 25 and Table 7, silver effectively complexes with S6 at each acid 
concentration examined, however at higher acid concentrations, silver was more effectively 
removed from the aqueous phase into either the organic phase or the precipitate.  At all acid 
strengths, the silver both partially extracted into the organic phase and partially formed a 
precipitate.  The 88 keV peak corresponding the palladium can be analyzed in a similar way, 
although it is more difficult to quantify the percentagesdue to the high background present 
in this area.  Figure 26 shows the 88 keV acid peak for each acid strength used for extraction. 
 
 
Figure 26 - Effect of Acid Concentration on Palladium Complexation with S6 
 
The gamma spectra of the 88 keV peak reveals the nature of extraction of palladium 
with S6.  As is hinted from the aqueous phase spectra, it appears that S6 effectively extracts 
palladium at all acid strengths.  Furthermore, the precipitate forms at all acid concentrations, 
however  the  palladium  extracts  more  prevalently  into  the  organic  phase  at  lower  acid 
strengths  as  opposed  to  at  higher  acid  strengths.  Quantification  of  the  presence  of 
palladium in each phase is difficult to perform because, at such low gamma energies, there is 
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very large background in phases which have high activity (the aqueous phase in this instant).  
These observations do, however, serve as qualitative behavior of palladium extraction from 
mixed metals. 
 
III.3 Precipitate Analysis  
Using the gamma spectra analysis, it has been shown that S6 extracts palladium and 
silver exclusively over other precious metals.  This statement is true of all studied metals 
except for rhodium, which was not visible by gamma spectroscopy.  Silver and palladium can 
form  insoluble  precipitates  in  certain  molecular  forms  however,  notably  including  silver 
sulfide and palladium sulfide.  With a degradation of the extractant molecule, these species 
are possible to be formed in the extraction process, so IR spectrometry was used to confirm 
that the precipitate formed included S6, rather than just a simple metal salt.  The precipitate 
containing silver and palladium were formed using 53.9 mM Ag and 41.3 mM Pd in 1M 
HNO3 after first contacting a 0.1M S6 in n-dodecane solution with 1M acid for 10 minutes 
on  a  pulse  shaker  followed  by  a  1min  centrifugation.    The  metal  solutions  were  then 
contacted with the extractant solution in a similar fashion.  The precipitate was then washed 
with 1M HNO3 by contacting and centrifugation to reduce the amount of the free organic 
phase.  The precipitate was then allowed to dry in a dessicator for 48 hours to evaporate any 
of the remaining aqueous phase. The collected IR spectra for this system are shown in 
Figure 27. 
 55 
 
 
Figure 27 – IR Spectra of post-extracted palladium and silver precipitate 
 
The IR spectra indicate a great deal about the composition of the precipitate formed.  
First, it can be noted that both precipitates contain significant amounts of hydrocarbons 
(2800  –  3000 cm
-1).  This could either be due  to n-dodecane present in the  precipitate 
(unlikely as the precipitate was vigorously washing in an aqueous phase following formation) 
or due to the butyl hydrocarbon tails from the S6 extractant molecule.  Also of note is the 
broad band in both precipitates from ~2500 cm
-1 to ~3500 cm
-1.  This broad band is an 
evidence of the presence of water.  This could be due to water coordination with the metals 
in  the  precipitate.    This  is  expected  as  S6  is  a  neutral  extractant  and  water  or  acid 
coordination  would  be  necessary  for  complexation  for  charge  balancing.    Finally,  each 
precipitate has an active fingerprint region in the area below 1000 cm
-1.  This region contains 
typical behavior for P=S and P-S bonding, which are the functional groups located on S6.
50  
This IR spectra indicates that the precipitate formed is indeed caused by S6 complexation 
with the metals in the aqueous phase, rather than the breakdown of the extractant molecule. 
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III.4 Rhodium Extraction  
  Rhodium, due to its short lived activation products, could not be observed in the 
mixed metal gamma spectrum.  In order to determine the extractability of rhodium into an 
organic phase containing S6, UV/Visible spectroscopy must be performed.  Due to the 
colorful nature of many of the other components in solution, rhodium was extracted along 
at a significantly lower molar quantity than the extractant.  One assumption made using this 
technique is that the presence of other metals does not affect the extraction of rhodium in 
solution. This is justified as the concentration of extractant is typically 10 times higher than 
that of the metal in the aqueous phase, and extractions will not be hindered by a lack of the 
extractant.   
To perform UV/Visible spectroscopy, solutions of 7.5mM, 6mM, 4.5mM, 3mM, and 
1.5mM rhodium were prepared from ~15mM stock solutions for acid concentrations of 
0.1M, 1M, 3M, and 5M HNO3 by volumetric dilution, and a 7.5mM solution was used in 
extraction tests with 0.1M S6 in n-dodecane.  When performing UV/Visible spectroscopy, it 
is evidenced that the peaks of interest for this absorbing species are located at a wavelength 
of 509.5, which is in the wavelength range of absorption for solutions that are visibly red.  
The  plots  of  the  absorption  spectra  of  each  calibration  standard,  as  well  as  the  post 
extraction aqueous phase absorption are shown in Appendix D.  In calculation of the molar 
absorption  coefficient  for  0.1M  and  5M  HNO3,  the  absorption  of  1.5mM  rhodium 
introduced  a  significant  amount  of  error  and  were  disregarded,  as  the  post-extraction 
calculation was far from this value.  A table of the predicted extinction coefficient, as the 
well as the measured rhodium extracted are located in Table 8. 
 
Table 8 – Spectrophotometric Determination of the Extraction of Rhodium 
Acid 
Strength 
Molar Absorption 
Coefficient (L/mol*cm) 
Post Extraction 
Absorption 
Post-Extraction 
Molarity (mmol/L) 
Distribution 
Ratio 
0.1 M  117 ± 1  0.869  7.46  5.33*10
-3 
1 M  122 ± 4  0.877  7.28  2.93*10
-2 
3 M  122 ± 5  0.877  7.16  4.53*10
-2 
5 M  120 ± 2  0.880  7.32  2.40*10
-2 
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  As can be seen from this table, rhodium does not efficiently extract from any acid 
strength  considered  using  S6.    This  analysis  shows  that  only  silver  and  palladium  are 
extracted into a precipitate by S6, with silver also partially extracting into the organic phase.  
It is also seen that the extractant primarily works at acid strengths of 1M or higher, whereas 
0.1M acid does not work as well.  This is typical of neutral extractant molecules, as the metal 
ions need to be complexed by acid anions to form a neutral species in order to be extracted.  
This is accomplished more easily in higher acid strength environments when acid ions are 
more prevalent. 
  Following determination that silver and palladium precipitate while other precious 
metals remain in the aqueous phase, a confirmation and redissolution step were attempted.  
41.3mM Pd and 53.9mM Ag solutions were prepared in 1M HNO3 and, following a two-fold 
preequilibration step as described previously, were contacted with a 0.1M S6 solution in n-
dodecane.  Predictably, a precipitate formed between the phases which, upon perturbation, 
dropped to the bottom of the mixing vial.  The aqueous phase was then removed and 
replaced  with  6.01M  HNO3,  a  strong  acid  and  shaken  for  10  minutes,  followed  by  a 
centrifugation step.  This was not effective in redissolving the precipitate, so the aqueous 
phase  was drawn off and replaced with deionized water.   This was then shaken for 10 
minutes and centrifuged, but the precipitate remained.  Finally, a 10M NaOH solution was 
freshly prepared from a concentrated NaOH stock, ensuring minimal carbonates in solution.  
This solution was mixed with the organic phase for 10 minutes and centrifuged, but the 
precipitate remained.  The solid did however change color from an orange/red color to a 
dark brown/black color. 
Following this, both phases were separated off and the precipitate was combined 
with fresh n-dodecane where the precipitate remained at the bottom of the mixing vial.  This 
was then combined with 0.01M HNO3 and shaken for 10 minutes, then centrifuged.  It was 
evidenced that, while the precipitate did not redissolve into either phase, the silver visibly 
settled into the organic phase while the palladium settled into the aqueous phase.  This 
seeming partition is most likely caused by hydrolysis of the silver due to the presence of a 
strong base.  This would need to be confirmed however, and repeated for a more complete 
analysis of this phenomenon.  Currently, it is observed that the precipitate formed from 58 
 
extraction  of  silver  and  palladium  does  not  dissolve  in  aqueous  phases  of  various  acid 
strengths. 
 
III.5 Minor Actinide/Lanthanide Partitioning 
  Following the testing of precious metal extraction, americium and europium were 
tested for extraction in spike quantities.  The volume of spike solution added to each vial 
was  determined  by counting  small  quantities  of  each  spike  solution  to  determine  if  the 
specific activity was sufficient to be seen following separations into either phase.  10μL of 
each phase was counted, with the Eu stock solution having 1958 cpm and the Am stock 
solution having 9092 cpm.  This quantity was therefore deemed sufficient for detecting each 
radioisotope  in  both  phases  sufficient  for  determining  the  distribution  ratio.    After 
preequilibrating 1.5mL of each phase twice, 1.5 mL of 1M, 3M, and 5M HNO3 were added 
to the preequilibrated organic phase and spiked with 10μL of the spike solutions.  These 
measurements were not performed in duplicate to reduce the quantity of radioactive waste 
produced.  This small quantity of the spike solution is presumed to negligibly affect the 
overall acid strength of the aqueous phase, and is also presumed to add a low enough molar 
concentration of metal such as not to exceed the concentration of the extractant in the 
organic by more than 10% of the extractant concentration. 
Following mixing, there was no evidenced precipitate between the phases, indicating 
that S6 does not behave with actinides and lanthanides in the same way that it interacts with 
silver and palladium.  1mL of each phase was collected for counting into plastic vials, and 
counted with an NaI crystal.  The results of the gamma spectroscopy are shown in Table 9. 
Table 9 – Am/Eu Separation Testing Results 
HNO3 (M)  Counts rate 
Am (cpm)  10
2.D[Am]  Counts rate 
Eu (cpm)  10
3.D[Eu]  Am/Eu  
Separation Factor 
1 
 
118 (org)  2.02
  7 (org)  4.98  4.06 
5837 (aq)  1365 (aq) 
3 
 
26 (org)  n/a
  6 (org)  4.64
  n/a 
5769 (aq)  1337.7 (aq) 
5 
 
127 (org)  2.21
 
 
10 (org)  8.02
 
  2.76 
5754 (aq)  1297 (aq) 
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IV. Conclusions 
Several conclusions can be drawn about the results found in this experimentation.  
The first results is the effectiveness of thiophosphonate chemical synthesis using techniques 
which are primarily used to design oxygen based phosponate ligands.  The technique used to 
synthesis the S6 ligand was derived from an experimental approach to alcoholisis of bis-
dichlorophosphino-alkane as opposed to thiolysis.  Using a thiol as opposed to an alcohol in 
an  inert  atmosphere  however  provided  a  suitable  synthesis  of  the  desired  product  as 
confirmed by several experimental techniques.  It is as of yet premature to say that this 
synthesis technique will be effective for all reactions of this type, but its effectiveness in this 
work presents a promising result for future expansion of this technique.  The second step of 
the chemical synthesis was also deemed to be effective for bidentate ligands as well, which 
was not confirmed in the original reporting for this type of reaction. 
Based on the observations from the irradiated mixed metal extraction (containing 
zirconium, molybdenum, ruthenium, rhodium, silver, and cadmium), rhodium UV/Visible 
spectroscopy,  and  actinide/lanthanide  extractions,  it  appears  that  S6  only  effectively 
complexes  silver  and  palladium  of  the  elements  tested  at  all  acid  strengths  considered.  
Americium and europium both do not extract  in any significant quantity, and in  mixed 
transition  metal  systems,  no  other  metals  effectively  complex  (although  a  possible  gold 
impurity complexes very effectively) for extraction.  Silver partially extracts to the organic 
phase and has been seen to more effectively form a precipitate that is insoluble in both 
phases.  As acid strength is increased, the complexation of silver became more effective and 
less  remained  in  the  initial  aqueous  phase.    Palladium  on  the  other  hand  formed  S6 
complexes  effectively  at all  acid  strengths  and  very  little  remained  in  the  organic  phase 
following extraction.  At lower acid concentrations, the palladium became more and more 
likely to extract into the organic phase as opposed to forming an insoluble precipitate.  This 
extraction was difficult to quantify however, due to the location of the palladium gamma 
peak  on  gamma  spectra.  The  precipitates  formed  were  confirmed  to  be  S6-metal 
precipitates as opposed to metal sulfides using IR spectroscopy. 
  This creation of an insoluble precipitate, while an effective means of partitioning, is a 
bit concerning in the operation of spent nuclear fuel reprocessing equipment.  The majority 60 
 
of chemical reprocessing operations are run on a continuous basis, in which the formation 
of precipitates could lead to a situation  with near constant maintenance on pumps and 
piping.  This is made further undesirable by the highly radioactive nature of spent nuclear 
fuel  making  maintenance  difficult  or  impossible.  Another  effect  of  the  formation  of 
precipitates on effective spent nuclear fuel reprocessing is their unpredictable formation and 
kinetic behavior leading to unpredictable and difficult to model chemical systems which 
could lead to unpredictable processing behavior in terms of mass expected mass balance 
flow sheets.  It is useful to examine why these precipitates form, and by which means, if any, 
the precipitate can be mitigated, as the metals clearly complex with this functional group. 
  The solubility of precipitates in an aqueous phase can be defined by the complex’s 
solubility product.  A solubility product for two initial products in solution, A and B which 
complex to form an insoluble precipitate AB is defined by Equation 16.
51 
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  In Equation 16, [A] is the molarity of solute A in solution and [B] is the molarity of 
solute B in solution at equilibrium.  As can be deduced by Equation 16, as the solubility 
product becomes logarithmically lower than 1, the insoluble complex will be formed with 
much greater frequency meaning that the complex becomes less soluble in the solvent in 
which the constant applies.  For silver and palladium sulfur based products, the solubility 
products tend to be quite low, with the solubility product of sulfur based chemical analogues 
silver thiocyante equal to 1.03*10
-12 and palladium thiocyanate equal to 4.39*10
-23 in water.
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This suggests that the concentration of silver and palladium in the extraction aqueous phase 
following contacting with an S6 loaded organic phase will be low.  If the synthesized ligand 
can be modified for increased metal-organic complex solubility into the organic phase, a 
situation with high extraction and minimal precipitate formation could be achieved.  This 
would be advantageous to extractions, but may prove difficult to back extract metals into an 
aqueous phase as part of a metal strip however, and aqueous complexing agents may need to 
be considered to recover the metals following extraction. 61 
 
  There are several possible ways to increase this solubility which would need to be 
tested for their applicability.  The first would be to increase the size or steric complexity of 
the hydrocarbon tails extending from the functional group of the extractant molecule.  This 
could be achieved through the use of a starting reagent with a longer hydrocarbon tail than 
butanethiol, such as 2-ethyl-hexanethiol or octanethiol.  This will create a system with a 
much greater likelihood of dissolving into a straight chain hydrocarbon organic phase such 
as n-dodecane, the diluent studied in this research. 
A second means of increasing organic solubility would be to try a more polar diluent 
than a straight chain hydrocarbon in the organic phase.  Several processes, such as the CCD-
PEG process, use diluents with stronger polar regions to increase the solubility of the metal-
ligand complexes formed during extraction.
10  Examples of these diluents include n-octanol, 
an alcohol based ligand with relatively low polarity and phenyl trifluoromethyl sulfone (FS-
13), which provides a fairly large amount of polarizability.  Such tailoring of the process may 
lead to a more expensive extraction system with more difficult to dispose waste, as such 
polar ligands typically contain halogen groups which must be treated separately from non-
halogen waste.  If it were determined effective however, this could be a promising means of 
partitioning these metals. 
In  addition  to  increasing  the  solubility  of  the  metal  ligand  complexes,  several 
techniques can be tested for reducing the precipitation of the metal-ligand complex from 
either phase.  One  such technique would be to alter the aqueous phase  used for metal 
extractions to change the metal ion complexes bound to the extractant molecule.  This could 
be  performed  by  using  a  different  mineral  acid  solvent  for  ion  dissolution,  such  as 
hydrochloric  acid  (HCl)  or  sulfuric  acid  (H2SO4).    This  will  create  different  metal  ion 
complexes,  but  may  present  new  problems  in  terms  of  process  modeling,  such  as  the 
consideration of the diprotic nature of sulfuric acid.  An additional option would be to test 
aqueous  soluble  chelating  agents  bind  the  metals  in  solution  into  neutral  species  for 
extraction.  This would require considerable optimization prior to implementation however. 
As  stated  previously,  minor  actinide/lanthanide  separations  were  not  effectively 
performed by the synthesized ligand.  To increase the complexation with these comparably 
harder  metals  than  precious  metals,  hardening  the  produced  ligand  slightly  may  prove 62 
 
beneficial.  For this reason, it may be advantageous to consider oxygenating some sulfur sites 
on the molecule, as this would create a substantially harder electron donor.  One option to 
consider would be to oxygenate the ligand as the second step of the reaction rather than 
employing  elemental  sulfur  to  the  intermediate  product.    This  would  be  a  worthwhile 
pursuit, as this product would certainly have different effects on the soft metals considered 
as well, and may be advantageous toward mitigating the formation of precipitate. 
  Despite possibilities for process improvement, the creation of a metal precipitate is 
not  an  ideal  situation  for  engineering  scale  separations.    The  potential  to  partition  two 
potentially economically valuable metals (silver and palladium) from mixed metal streams is a 
promising result however, opening an avenue for more  investigation into thiophosphate 
based  ligands  for  targeted  soft  metal  extractions.    These  separations  may  prove  to  be 
important in the future from an economic standpoint and from a waste forms classification 
standpoint.  It is believed that further investigation into these types of ligands is merited for 
further engineering scale development of precious metal recovery from mixed metal aqueous 
raffinate. 
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Appendix B: Elemental Analysis Reports 
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Appendix C: Mixed Metal Extraction Gamma Spectroscopy 
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Appendix D: Rhodium Extraction Spectrophotometry 
 
 
 
 
   
Figure D-1 – Rhodium Extraction from 0.1M HNO3 Spectrum 79 
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Figure D-2 – Rhodium Extraction from 1M HNO3 Spectrum 80 
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Figure D-3 – Rhodium Extraction from 3M HNO3 Spectrum 81 
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Figure D-4 – Rhodium Extraction from 5M HNO3 Spectrum 